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1 .  INTRODUCTION 


Rapid  solidification  technology  (RST)  applied  to  titanium  and  niobium 
alloys  can  produce  oxide-dispersion-strengthened  alloys,  which  have  large 
volume  fractions  of  <  0.1-ym  incoherent  oxide  dispersoids,  and  in  situ 
composites  containing  high-modulus  whisker/particulate  reinforcements 
(References  1-10).  The  alloys  so  produced  are  a  special  class  of  refractory 
hybrid  materials  which  are  light  weight  and  have  the  high- temperature 
strength  and  stability  required  for  hypersonic  aircraft  skins  and  structures. 

Oxide  dispersions  in  RST  titanium  alloys  are  produced  by  rapid 
solidification  processing  and  subsequent  annealing  of  Ti/rare-earth  (rare 
earth  =  Ce,  Dy,  Er ,  Gd,  La,  Nd ,  or  Y)  alloys.  Rapid  solidification 
significantly  increases  the  solid  solubilities  of  rare-earth  elements  in  Ti; 
subsequent  annealing  results  in  scavenging  by  rare-earth  elements  of 
interstitial  oxygen  from  the  Ti  matrix  and  formation  of  rare-earth  oxide 
dispersoi ds . 

RST  in  3itu  composites  are  so  named  because  they  contain  large  volume 
fractions  of  reinforcing  second-phase  particles  reminiscent  of  the  filaments 
or  whiskers  used  in  metal-matrix  composites.  These  reinforcing  dispersoids 
are  formed  in  situ  in  RST  alloys  either  upon  solidification  or  subsequently  by 
the  controlled  decomposition  of  the  supersaturated  solid  solutions  achievable 
only  by  RST.  The  physical  conditions  that  govern  the  nucleation,  growth,  and 
matrix  interactions  of  the  reinforcing  dispersoids  in  RST  in  situ  composites 
are  different  from  those  that  prevail  in  conventional  alloys  or  metal  matri 
compos i  t ».-s  . 
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The  basic  mechanisms  by  which  oxide-dispersion-strengthened  alloys  and 
in  situ  composites  are  formed  and  by  which  are  imparted  with  stable  high- 
temperature  strength  are  not  known  quantitatively.  The  objective  of  the 
present  investigation  is  to  develop  predictive  models  to  describe  the 
morphology  and  growth  kinetics  of  the  rei nf orcement  phases  and  mechanical 
behavior  of  novel  hybrid  materials  produced  by  rapid  solidification  processing 
(RSP).  Ti  and  Nb  alloys  containing  large-aspect-ratio  filamentary  or 
spherical  equiaxed  boride,  carbide,  and  oxide  reinforcements  are  being  studied 
to  determine  the  mechanisms  of  formation  and  growth  of  the  secondary  phases 
and  how  these  factors  determine  strengthening  mechanisms  and  thermal  stability 
of  Ti  and  Nb  alloys. 
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2.  RESEARCH  OBJECTIVES  AND  APPROACH 


The  objectives  of  the  research  program  are  to  (1)  develop  predictive 
models  for  the  formation  and  growth  of  filamentary  and  spherical 
reinf orcements  in  RST  in  situ  composites,  (2)  determine  quantitative 
dependence  of  strength  and  modulus  on  reinforcement  and  matrix 
character: sties ,  and  (3)  perform  experimental  validation  of  the  theoretical 
models . 

The  program  is  being  performed  in  three  phases  as  outlined  in  Figures  1-3- 
Phase  I  concentrates  on  the  mechanisms  of  formation  and  growth  kinetics  of  RST 
in  situ  composite  reinforcement  phases.  The  principal  goal  of  Phase  II  is 
determination  of  the  in  situ  composite  strength  and  modulus  dependencies  on 
reinforcement  and  matrix  parameters.  The  results  under  Phases  I  and  II  will 
be  unified  in  Phase  III  into  a  comprehensive  quantitative  model  of  RST  in  situ 
composites.  Titanium  and  niobium  are  selected  as  the  base  metals  because  in 
addition  to  being  prime  candidates  for  hypersonic  aircraft  and  missiles,  they 
also  exhibit  a  diversity  of  reinforcement  morphologies,  characteristics ,  and 
interactions  that  are  generally  representative  of  RST  in  situ  composites. 
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Figure  1.  Flow  diagram  of  Phase  I. 
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Figure  2.  Flow  diagram  of  Phase  II. 
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Phase  I  and 
Phase  II  results 


Figure  3.  Flow  diagram  of  Phase  III. 


The  specific  objectives  of  Phase  I  of  the  program  were  as  follows: 

(1)  produce  rapidly  solidified  Ti  and  Nb  alloy  particulates  by  electron  beam 
melting  and  splat  quenching  of  prealloyed  Ti-B,  Ti-C,  Ti-Al-B,  Ti-Al-C,  Ti-Er 
and  Ti-Al-Er,  Nb-B,  Nb-C,  Nb-La,  Nb-Y,  Nb-Hf-La,  Nb-W-La,  Nb-Hf-Y,  Nb-Zr-C, 
and  Nb-W-Zr-C  alloys;  (2)  determine  compositions  and  crystal  structures  of 
r einforcement  phases  and  orientation  relationships  between  matrix  and 
reinforcement  phases;  (3)  determine  the  temperature  dependence  of  growth 
kinetics  of  r einforcement  phases;  and  (H)  select  three  titanium  alloys  and 
three  niobium  alloys  containing  the  most  stable  boride,  carbide,  and  oxide 
rei nf  orcements . 


3.  SUMMARY  OF  RESULTS 

3.1  Rapid  Solidification  Processing  of  Titanium  Alloys 

Titanium  alloys  of  the  compositions  shown  in  Table  1  were  procured  from 
Titanium  Metals  Corporation  of  America.  Alloy  compositions  have  been  selected 
to  complete  a  comprehensive  catalog  of  the  various  possible 
matrix/reinforcement-phase  combinations;  the  matrices  cover  alpha,  alpha  2 
(Ti^Al ) ,  and  gamma  (TiAl )  -  the  most  important  matrices  in  the  Ti-Al  system, 
and  the  reinforcements  include  spherical  and  filamentary  morphologies.  The 
erbium  additions  produce  spherical,  submicroscopic ,  incoherent  dispersoids; 
the  Ti-B  phase  forms  large  aspect-ratio  filamentary  reinforcements;  the  Ti-C 
phase  is  spherical. 


Table  1.  Nominal  compositions  of  titanium  alloys. 


Alloy 

Number 

TIMET 

Button  Number 

Nominal  Composition 

Matrix 

1 

B  8842 

Ti-2Er 

> 

2 

B  8849 

Ti-4Er 

3 

B  8859 

Ti-I.5B 

>  aTi 

4 

B  8864 

Ti-3.0B 

5 

Ti-I.OC 

J 

6 

B  9244 

Ti-16Al-2Er 

7 

B  9245 

Ti-16AI-4Er 

8 

B  9246 

Ti- 1 6AI- 1 .5B 

L  «2 

9 

B  9247 

TM6AI-3.0B 

(TijAl) 

10 

B  9248 

Ti- 1 6A1- 1 C 

1 1 

B  9249 

Ti-  16A1-2C 

> 

12 

B  8914 

Ti-36Al-2Er 

1 

13 

B  8922 

Ti-36A!-4Er 

1 

/ 

>  7  (TiAl) 

14 

B  8930 

Ti-36AI-I.5B 

15 

B  8936 

Ti-36Al-3.0B 

J 

The  alloys  were  prepared  by  nonconsumable  electrode  arc-melting  in  an 
argon  atmosphere.  Six-mm  diameter,  100-mm-long  rods  prepared  by  electric 
discharge  machining  were  used  as  feed  stock  for  rapid  solidification 
processing  by  electron-beam-melting/splat-quenching.  The  experimental 
arrangement  used  for  electron-beam-melting/ splat-quenching  is  shown  in  Figure 
An  electron  beam  is  focused  onto  the  end  of  a  rotating  Ti-alloy  rod  where 
it  melts  the  surface  and  produces  molten  drops.  The  molten  drops  fall  onto  a 
rotating  copper  disk  and  are  stretched  into  thin  flakes  under  the  combined 
actions  of  a  high  angular  velocity  and  the  centrifugal  force  of  the  rotating 
disk.  Melt  drop  size  and  drip  rate  are  controlled  by  varying  the  rotational 
speed  of  the  alloy  rod,  vertical  traverse  rate  of  the  rod,  and  power  input  to 
the  alloy  rod;  flake  thickness  is  controlled  by  varying  the  speed  of  the 
rotating  copper  disk.  Typical  flakes  produced  by  this  technique  are  3hown  in 
Figures  5a-5d. 


GPU?  321  *'l 

Figure  4.  Schematic  diagram  of  the  electron -beam  splat-quenching  apparatus  for  (he  rapid 
solidification  of  titanium. 
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The  splat-quenching  method  used  in  the  present  study  produces  large 
undercoolings  and  high  cooling  rates.  Perepezko  and  co-workers  (Reference  11) 
have  discussed  the  direct  correlation  between  the  extent  of  undercooling  and 
the  degree  of  compositional  and  microstructural  refinement  (viz.,  supersatu¬ 
rated  solid  solutions,  metastable  phase  formation,  and  microcrystalline 
structures)  produced  by  rapid  solidification.  Undercoolings  of  about  one- 
third  the  melting  point  are  common  in  the  splat-quenching  methods.  Following 
nucleation,  after  substantial  undercooling,  a  solidifying  interface  rejects 
latent  heat  both  into  the  supercooled  liquid  and  into  the  newly  formed  solid. 
The  cooling  rates  of  the  splat-quenched  flakes  were  estimated  from  the  flake 
thickness  by  heat-transfer  analysis  (Reference  12).  The  average  cooling  rate 

as  a  function  of  splat  thickness  for  titanium  alloys  was  determined  to  be  1.5 

5  6 

x  10  to  5  x  10  K/s  for  flake  thicknesses  of  50  to  100  pm. 

The  rapidly  solidified  flakes  were  sealed  in  quartz  capsules  under  a 
vacuum  of  1 0'5  Pa  (7.5  *  10  Torr),  and  the  sealed  capsules  were  annealed  at 
700,  800,  and  900°C  for  0.5-100  h.  The  rapidly  solidified  and  annealed  flakes 
were  examined  by  scanning  and  transmission  electron  microscopy. 

3.2  Microstructures  and  Properties  of  Titanium  Alloys 

The  microstructures  of  arc-melted  buttons  of  titanium  based  alloys  are 
shown  in  Figures  6-13.  Er-containing  alloys  contain  coarse  Er-rich  particles 
precipitated  mainly  along  prior-beta  grain  boundaries.  The  boride  phase  in 
alpha  Ti  and  Ti^Al  has  a  rod-like  morphology.  However,  in  TiAl,  the  borides 
precipitate  in  the  form  of  equiaxed  particles.  The  carbide  particles  are 
spherical  in  all  three  matrices. 
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Figure  12.  As-cast  microstructure  of  Ti-l.OC  alloy. 


1 00  fj.  m  1 00  n  m 


Figure  13.  As-cast  microstructures  of  (a)  Ti,AI-K'  and  (b)  Ti,AI-2C  alloys. 


Rapidly  solidified  particulates  of  Ti-2.0Er,  Ti-1.5B,  Ti-36Al-2Er,  and 
Ti-36A1-1.5B  were  analyzed  by  x-ray  diffraction  for  the  phases  present;  the 
results  are  summarized  in  Table  2. 

Table  2.  Summary  of  x-ray  diffraction  results  from  electron-beam  melted/splat-quenched 
Ti  alloy  flakes. 

Alloy  Composition  Side  Results 

1  Ti-1.25Er  B  a-Ti,  No  evidence  of  Er  or  Er203,  some  small  unidentified  peaks 

A  Same  as  side  B 

3  Ti-1.5B  B  a-Ti,  some  small  evidence  of  TiB  (one  small  peak) 

A  Same  as  side  B 

5  Ti-36Al-2Er  B  Mostly  TiAl  (7),  small  amount  of  Ti3Al  (ctj) 

A  Mostly  TiAl  (a),  more  Ti3Al  ( a 2)  than  in  side  B 

7  Ti-36A1-1.5B  B  Mostly  TiAl  (7),  small  amount  of  Ti3Al  (a^) 

Mostly  TiAl  (7),  more  Ti3Al  (arf  than  side  B,  evidence  of  TiB2 

87.::a-K76 

Figure  I1*  shows  the  mi crostructures  of  RST  Ti-2.0Er  alloy.  Whereas  the 
microstructures  of  the  I/M  alloys  consist  of  coarse,  equilibrium  Er-rich 
particles,  RST  results  in  a  redissolution  of  coarse  particles  and  homogeneous 
precipitation  of  fine  100-  to  200-nm- diameter  dispersoids.  Free-energy 
considerations  in  the  liquid  state  of  Ti-RE-0  system  favor  the  dissolution  of 
rare-earth  oxides  in  the  titanium  melt  because  of  the  large  solubilities  of 
oxygen  in  the  molten  titanium.  The  phase  diagram  of  the  Ti-Er  system  predicts 
that  elemental  rare-earth  dispersoids  should  form  upon  cooling  from  the  melt, 
provided  that  the  solid  solubility  limit  is  not  exceeded.  Because  of  the 
presence  of  0.1  wt$  oxygen  in  the  alloy  investigated,  and  because  of  the  high 
affinity  of  Er  for  oxygen,  one  would  expect  that  the  oxygen  dissolved  in  the 
alloys  would  be  scavenged  by  the  rare  earths  to  form  rare-earth  oxide 


dispersoids.  The  extent  to  which  this  oxidation  occurs  has  been  evaluated  by 
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Figure  14.  Microstructure  of  rapidly  solidified  Ti-2Er  alloy. 


calculating  the  Ti-rich  corner  of  the  Ti-Er-0  3y3tems  based  on  the 
thermodynamic  properties  and  phase  diagrams  of  the  binary  Ti-Re,  Ti-O,  and 
RE-0  systems.  The  calculated  phase  diagrams  indicate  that  most  of  the  rare 
earths  added  to  Ti  should  be  present  as  oxides  at  thermodynamic  equilibrium. 
The  I/M  alloys  solidify  essentially  under  equilibrium  conditions,  and 
therefore,  the  particles  are  definitely  rare-earth  oxide  particles.  The  RSP 
alloys,  however,  show  extended,  metastable,  solid  solubility  of  rare  earths 
and  solidification  in  these  alloys  occurs  under  nonequilibrium  conditions. 
Because  of  the  high  cooling  rates,  the  dispersoids  are  significantly  smaller 
in  the  RSP  alloys.  Annealing  the  RSP  Ti-Er  alloys  at  temperatures  below  the 
beta  transus  results  in  coarsening  of  the  dispersoids.  The  coarsening  of 
dispersoids  is  related  to  the  solubility  product  C  D  where  C  is  the 
solubility  and  D  is  the  diffusivity  of  the  rate-controlling  diffusing  species. 


The  phase  diagram  of  Ti-B  shows  restricted  solubility  of  B  in  both  alpha- 
and  beta-Ti  (Reference  13).  but  large  solubility  increments  can  be  obtained  by 
rapid  solidification.  The  Ti-1  wtj  (4.3  at.  %)  B  alloy  forms  fine  martensite 
upon  electron-beam  melting  and  splat  quenching  (Figure  15a).  Annealing  the 
splat-quenched  flakes  at  700-900°C  recrystallizes  alpha'  to  alpha  and  produces 
distributions  of  dispersoids  tentatively  identified  as  TiB  (Figures  15b  and 
15c).  The  extended  solid  solubility  of  B  in  Ti  is  in  excess  of  the 
equilibrium  solid  solubility,  and  the  thermal  stability  of  the  fine 
dispersoids  is  exceptional. 

The  phase  diagram  of  Ti-C  shows  somewhat  greater  solubility  for  C  in 
alpha-Ti  than  for  B  (Reference  14).  The  slope  of  the  solidus  in  this  system 
is  rather  shallow,  so  that  large  degrees  of  supersaturation  are  possible, 
provided  that  the  precipitation  of  TiC  can  be  suppressed.  Because  the  beta- 
to-alpha  transformation  is  peritectoid,  supersaturated  alpha  solid  solutions 
cannot  be  achieved  by  conventional  means.  Rapid  solidification  of  Ti-C  alloys 
refines  the  grain  structure  and  greatly  increases  the  amount  of  C  in  solid 
solution.  The  latter  effect  is  due  to  the  favorable  slope  of  the  metastable 
solidus  extension.  Upon  heat  treatment  of  the  extended  solid  solutions, 
non3toichiometri c  TiCx  (x  =  0.5-0. 6)  is  formed  (Figures  1 6a  and  16b). 

A  tensile  specimen  (Figure  17)  and  a  grip  assembly  (Figure  18)  were  used 
for  tensile  testing  of  small  tensile  specimens  machined  directly  from 
electron-beam-melted  and  splat-quenched  Ti  alloy  flakes. 

The  stress-str ain  curves  of  rapidly  solidified  Ti,  T-2Er,  Ti-0.5B,  and 
Ti-1. 0C  alloys  in  the  rapidly  solidified  and  differently  heat-treated 
conditions  are  shown  in  Figures  19  and  20.  The  yield  stresses  and  work¬ 
hardening  rates  are  significantly  higher  in  Ti  alloys  containing  Fr ,  B,  and  C 
than  in  unalloyed  Ti . 


Figure  16.  Microstructures  of  Ti-l.OC  alloy  (a)  as  rapidly  solidified  and  (b)  annealed  at 
840°C'/2  h. 


Figure  17.  Grip  assembly  for  gripping  thin  tensile  specimens. 
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figure  18.  I  ensile  specimen  machined  from  electron  beam  melted/splat  quenched  flakes  of 
I  i  allox . 


The  tetrahedrally  coordinated  radius  of  B  is  0.088  nm  (Reference  15)  which 
lies  between  the  radii  of  the  Ti  atom  (0.145  nm )  and  the  largest  available 
interstitial  position  (0.043  nm ) .  Regardless  of  whether  B  is  substi tut ionall y 
or  interstitially  dissolved,  the  degree  of  distortion  of  the  lattice  and 
solution  strengthening  per  wt?  are  expected  to  be  high.  Figure  21  is  a 
comparison  of  stress-strain  characteristics  of  Ti-B  alloys  and  unalloyed  Ti. 
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Figure  21.  Comparison  of  stress-strain 

curves  of  Ti  and  Ti-0.5B  alloys. 


Ti-IC  alloy  has  very  high  yield  stress  in  the  as-rapidly-solidified 
condition.  Since  the  carbon  atom  has  a  radius  of  about  0.07  nm,  it  is 
probably  dissolved  interstitially  in  titanium.  Carbon  is  expected  to  be  a 
strong  solid-solution  strengthener  because  the  carbon  atom  is  considerably 
larger  than  the  tetrahedral  interstitial  position  in  beta-Ti  (0.043  nm ) 

( Ref  erence  16). 
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3.3  Rapid  Solidification  Processing  of  Niobium  Alloys 

Niobium  alloys  of  compositions  listed  in  Table  3  were  procured  from 
Teledyne  Wah  Chang,  Albany,  Oregon.  Initial  attempts  to  produce  Nb-Er  alloys 
were  unsuccessful  due  to  volatilization  of  the  Er  during  melting.  The  rare 
earths  Y  and  La  were  selected  because  of  their  high  heats  of  vaporization,  and 
ingots  containing  these  elements  were  successfully  produced.  The  La-  and  Y- 
containing  alloys  will  allow  us  to  study  growth  of  rare-earth  dispersoids  in 
various  niobium  solid-solution  matrices.  Since  both  W  and  Hf  are  common 
solid-solution-strengthening  additions  in  commercial  niobium  alloys,  they  are 
valid  choices  for  solute  addition.  Furthermore,  W  and  Hf  provide  different 
levels  of  matrix  lattice  strain  and  influence  diffusion  (and  thus  growth 
kinetics)  differently.  The  carbon-containing  alloys  contain  carbide  platelet 
second  phases.  In  the  Zr-containing  alloy,  the  relative  stabilities  of  NbC 
and  ZrC  will  be  determined  and  the  possible  formation  of  NbC-ZrC  solid 
solution  will  be  assessed.  In  the  Nb-30W-6Zr-0. 2C  alloy,  the  influence  of  W 
in  solid  solution  on  formation  of  the  ZrC  phase  will  be  examined. 

Table  3.  Nominal  compositions  of  niobium  alloys. 


Nb-2La 
Nb-i  5Hf-2La 
Nb-15W-2La 
Nb-30Hf-2La 
Nb-30W-2La 
Nb-l5Hf-l  Y 
Nb-1 5W-1 Y 

Nb-0.2C 
Nb-6Zr-0.2C 
Nb-30W-6Zr-0.2  C 
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The  niobium  alloys  were  prepared  by  nonconsumable  electrode  arc-melting 


and  were  rapidly  solidified  by  electron-beam  melting  and  splat  quenching 


employing  the  same  procedure  used  for  titanium  alloys. 


3.4  Microstructures  of  Niobium  Alloys 


Typical  as-cast  microstructures  are  illustrated  in  Figures  22-25.  The 


rare-earth-containing  alloys  show  large,  spherical,  particles  of  rare  earths 


and  significant  segregation  of  the  rare  earths.  The  carbon-containing  alloys 


show  coarse  carbide  platelets,  which  neutron  diffraction  studies  have  shown  to 


be  the  Nb^C  phase. 


Figures  26a  and  26b  show  the  cross  sections  of  flakes  produced  by 


electron-beam  melting  and  splat  quenching.  For  the  binary  Nb-2La  alloy 


(Figure  26a)  the  microstructure  consists  of  columnar  grains  which  have  grown 


completely  through  the  thickness  of  the  ribbon.  This  microstructure  is 


typical  of  ribbons  in  which  partitionless  solidification  has  occurred  during 


the  entire  solidification  process.  For  the  ternary  Nb-15Hf-1Y  ribbon, 


however,  a  transition  from  the  columnar  partitionl ess-sol idif ication  structure 
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Figure  22.  As-cast  microslructures  of  (a)  Nb-2l.a  and  (b)  Nh-l5Hf-21.a  alloss. 
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to  a  partiticnal  ceilular/dendri t i c  structure  is  observed  approximately 


halfway  through  the  ribbon  thickness  (Figure  26b).  This  type  of  transition, 
typically  observed  in  alloy  ribbons,  reflects  the  variation  in  cooling  rate 
with  the  thickness  of  a  ribbon.  Midway  through  the  ribbon  thickness,  the 
solidification-front  velocity  is  not  sufficiently  fast  for  complete  solute 
trapping,  and  segregation  occirs.  For  the  case  of  the  Nb-15Hf-1Y  ribbon,  this 
segregation  is  probably  due  to  coring,  with  the  interdendriti c  regions 


becoming  enriched  in  the  solute  element  Hf. 
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Figure  23.  As-cast  microstructures  of  (a)  Nb-l5W-2La  and  (b)  Nb-30W-2La  allots. 


Figure  24.  As-cast  microstrucliires  of  (a)  Nb-li  and  <bt  ,\n-l5''-l»  allo>s. 
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6.  COUPLING  ACTIVITIES  WITH  GROUPS  DOING  RELATED  RESEARCH 


1 .  Presentations  on  MDRL/AFOSR  research  on  Ti  and  Nb  were  made  to  Mr.  Dan 
Miracle,  Mr.  Dennis  Dimiduk,  Mr.  Siameck  Mazdiazni,  and  Mr.  Bill  Kerr 

( AFWAL/LLM)  June  1987. 

2.  Discussions  were  held  during  the  TMS/AIME  Fall  Meeting,  Cincinnati, 

11-15  October  1987  with  Prof.  Henry  Rack  of  Clemson  University  on  high- 
temperature  deformation  of  RST  Ti  and  Nb  in  situ  composites,  with  Bruce 
MacDonald  of  National  Science  Foundation  on  RST  Ti  and  Nb  mi crostructur es , 
and  with  Prof,  Rama  Ankem  of  University  of  Maryland  on  modeling  of 
deformation  of  in  situ  composites. 

3.  Discussions  were  held  in  January  1987  with  Professors  J.  Perepezko  and 
R.  Mehrabian  on  rapidly  solidified  microstructures,  and  with  Professors 
A.  G.  Evans  and  B.  Budianski  on  toughening  effects  of  high-modulus 
reinforcements  in  Ti  alloy  matrices. 
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